The aim of the study was to determine whether longitudinal left ventricular (LV) function provides prognostic information in a large cohort of patients with systemic light-chain (AL) amyloidosis.
Conclusions
In the largest serial investigation reported so far, reduced LV longitudinal function served as an independent predictor of survival in AL amyloidosis and offered incremental information beyond standard clinical and serological parameters. Amyloidosis is a multisystem disease with extracellular deposition of pathological insoluble beta-fibrillar proteins in a number of different organs, including the heart (1,2). Diagnosis and classification of amyloidosis is based on the analysis of the deposited insoluble abnormal fibrils (3, 4) . Involvement of the heart is seen in more than one-half of the patients with systemic light-chain (AL) amyloidosis. In this rare clonal plasma cell disorder, the extent and severity of cardiac involvement is the most important determinant of clinical outcome (1, (5) (6) (7) .
Cardiac biomarkers, such as cardiac troponin-T (cTnT) and natriuretic peptides, particularly N-terminal pro-B-type natriuretic peptide (NT-proBNP), play a central role for the assessment of prognosis in AL amyloidosis (8) (9) (10) . Echocardiography is one of the main diagnostic tools used in patients with suspected cardiomyopathies, including cardiac involvement in AL amyloidosis (11, 12) . Non-Doppler-derived echocardiographic parameters like increased left ventricular (LV) wall thickness and decreased fractional shortening are independent predictors of cardiac mortality in AL amyloidosis (7) . Previous studies elegantly demonstrated the usefulness of tissue Doppler and strain imaging (11, 12) for diagnosis and staging of cardiac dysfunction in patients with AL amyloidosis (13) (14) (15) . In addition, recent evidence found that tissue Doppler imaging (TDI)-derived myocardial systolic strain is associated with overall prognosis in AL amyloidosis (16, 17) , but the prognostic relevance of these parameters in relation to hematologic parameters and cardiac biomarkers has not been defined. Newer methods such as 2-dimensional strain echocardiography (11, 12) , which have previously been shown to have great clinical impact on other cardiovascular disorders (18, 19) , have so far not been investigated regarding prognosis in AL amyloidosis.
The purpose of this study was to clarify whether new noninvasive imaging techniques, such as TDI, TDI-derived strain imaging, and two-dimensional strain imaging provide further prognostic information in addition to serum biomarkers such as NT-proBNP and cTnT in a large cohort of patients with AL amyloidosis over a long follow-up period.
Methods
Setting and participants. Three hundred thirteen consecutive patients with suspected or known systemic AL amyloidosis were assessed at the interdisciplinary Heidelberg Amyloidosis Center and underwent evaluation of cardiac involvement in AL amyloidosis from July 2005 to October 2008. Patients with hereditary, AA, or senile amyloidosis (n ϭ 51) or localized amyloidosis (n ϭ 27) were excluded, as were patients with significant valvular heart disease, persistent atrial fibrillation, or inadequate performance on echocardiograms (n ϭ 29). Thus, the final study population consisted of 206 consecutive patients (112 males and 94 females) with proven systemic AL amyloidosis. Diagnosis of AL amyloidosis was based on presence of a monoclonal gammopathy by serum electrophoresis, immunofixation on serum and urine, and free light chain test, and confirmed by positive Congo red staining with birefringence under polarized light of any biopsy (periumbilical fat aspiration, rectum, or target organ), positive immunohistology for kappa or lambda in the biopsy, and on the exclusion of hereditary forms of amyloidosis. The institutional review board approved the study conforming to the Declaration of Helsinki guidelines, and informed consent was obtained from all subjects. All clinical, echocardiographic, and laboratory test results were collected on the same day. A detailed description of the echocardiographic and laboratory methods is given in the Online Appendix. Echocardiography. We performed a standard echocardiographic investigation with a commercially available ultrasound system (iE33, Philips Medical Systems), followed by two-dimensional color tissue Doppler recordings, for the offline assessment of tissue Doppler velocities and mean longitudinal strain (LS). The two-dimensional color tissue Doppler recordings with second harmonic imaging were collected during a brief breath hold, from the apical 4-, 2-, and 3-chamber views as previously described (Fig. 1A) (20) . For offline 2-dimensional strain imaging (radial, circumferential, and longitudinal strain), the vendor independent offline 2D Cardiac Performance Analysis software (TomTec Imaging Systems, Munich, Germany) was used. For the assessment of global two-dimensional longitudinal strain (2D-GLS), we calculated the average of the longitudinal systolic peak negative values obtained from the 6 LV segments in the apical 4-, 2-, and 3-chamber views (Fig. 1B , Online Videos 1 and 2). Outcomes and follow-up. All-cause mortality or heart transplantation due to progressive disease (n ϭ 14) was the primary endpoint, because the classification of death is often problematic in AL amyloidosis. Follow-up was obtained by review of the patient's hospital chart or telephone interview with the patient or relative. Statistical analysis. Data were analyzed using SPSS Version 19 (IBM Corporation) and MedCalc Version 11.5 (MedCalc Software, Belgium). Data were expressed as mean Ϯ SD. Group differences for continuous variables were tested using the unpaired t test, for ordinal variables with the Mann-Whitney test, and differences between nominal variables were assessed using the Fisher exact test. Correlation analyses were performed using Spearman's coefficient. Kaplan-Meier curves were used to estimate the distribution of survival as a function of the follow-up duration. The association of clinical, echocardiographic, and serological parameters with outcome was investigated by multivariable Cox proportional-hazards regression models. In addition, integrated discrimination improvement analysis was performed using the same hierarchical model (21) . Receiver-operating characteristics (ROCs) were used to estimate the value of echocardiographic and serological parameters to predict mortality. A subgroup analysis was then performed by fitting the final multivariable model obtained in the overall analysis on the subgroup of patients who received echocardiography before firstline chemotherapy, with a preserved (Ն50%) or reduced LV ejection fraction (EF) (Ͻ50%). Differences were considered statistically significant at p Ͻ 0.05. The authors had full access to the data and take responsibility for its integrity. All authors read and agreed to the paper as written.
Results
Characterization of study population. Two hundred six patients were included in the final analysis. One patient was lost at follow-up. The clinical characteristics as well as biomarkers are shown in Table 1 . Standard two-dimensional echocardiographic parameters as well as the parameters for longitudinal function and strain imaging are illustrated in Table 2 and Online Table 1 . Eighty-seven patients were treated with chemotherapy before study inclusion. Of those patients who had an echocardiogram before chemotherapy (n ϭ 121), 37 (31%) received high-dose melphalan therapy, 62 (51%) received melphalan and dexamethasone, and 22 (18%) received other forms of therapy.
LV longitudinal function. LV longitudinal function can currently be assessed without vigorous effort in a clinical routine setting by the determination of LS and 2D-GLS. Both yielded a very good correlation with NT-proBNP, but a lower correlation for cTnT. The Spearman correlation of NT-proBNP with LS was r ϭ Ϫ0.79 (p Ͻ 0.001), and with 2D-GLS, it was r ϭ Ϫ0.72 (p Ͻ 0.001). In contrast for cTnT, the values for LS were r ϭ Ϫ0.65 (p Ͻ 0.001) and r ϭ Ϫ0.62 (p Ͻ 0.001) for 2D-GLS. Survival analysis. Of the 205 patients, 109 (53%) died or received heart transplantation (n ϭ 14) during follow-up. Deceased patients had significantly lower values for clinical, serological, and standard echocardiographic parameters as well as LV longitudinal function (Tables 1 and 2, Online  Table 1 ). The median follow-up time after echocardiography was 1,207 days (255 days for nonsurvivors and 1,796 days for survivors). In the unadjusted univariate analysis (Table 3) , clinical symptoms of congestive heart failure, cTnT, NT-proBNP, and parameters of myocardial morphology and function, assessed with echocardiography, were all significantly associated with overall survival. The measures for LV longitudinal function, LS, and 2D-GLS were clearly associated with a reduced survival in patients with AL amyloidosis (Fig. 2) . Proportional hazards models. Different echocardiographic parameters that were previously attributed to be prognostic in AL amyloidosis were further investigated for their predictive value in all patients. First, in a stepwise Cox regression analysis of relevant echocardiographic values (including all strain variables) only 2D-GLS (p Ͻ 0.001) and the ratio of peak early diastolic mitral inflow velocity (E) to peak early diastolic mitral annular velocity (e=) (E/e= ratio) (p Ͻ 0.01) remained as independent predictors for survival. A representative multivariate model that covers several established echocardiographic parameters is shown in Table 4 . These results confirmed that global LV longitudinal function represented by 2D-GLS (hazard ratio [HR]: 0.82, p Ͻ 0.0001) was an independent echocardiographic predictor of survival along with a weak effect of diastolic dysfunction represented by the E/e= ratio (HR: 1.02, p ϭ 0.035; Table 4 ). For the final multivariate comprehensive clinical models (n ϭ 198), which included well-recognized cardiac and other risk factors for AL amyloidosis, we therefore chose 2D-GLS and the E/e= ratio as echocardiographic variables (Table 5 ). In 5 patients, New York Heart Association (NYHA) class was not available due to muscular disorders because of polyneuropathy, and in 2 patients, serologic free light chains values were missing. The model revealed the Karnofsky index (HR: 0.94, p ϭ 0.0002), the free light chain difference (HR: 1.0002, p ϭ 0.047), cTnT (HR: 1.97, p ϭ 0.007), E/e= ratio (HR: 1.03, p ϭ 0.011), and 2D-GLS (HR: 0.85, p Ͻ 0.0001) as the only significant independent predictors of survival. (8) . §Difference between pathologic and nonpathologic serologic free light chains. Karnofsky performance status scale. BMI ϭ body mass index; cTnT ϭ cardiac troponin-T; ECG ϭ electrocardiography; NT-proBNP ϭ N-terminal pro-B-type natriuretic peptide; NYHA ϭ New York Heart Association. Values are mean Ϯ SD or %. p Values are listed for survivors versus nonsurvivors. E/e= ratio ϭ ratio of peak early diastolic mitral inflow velocity (E) to peak early diastolic mitral annular velocity (e=); LS ϭ longitudinal strain; 2D-GLS ϭ two-dimensional global longitudinal strain.
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To further describe those patients who were evaluated by echocardiography at the time of diagnosis before any firstline chemotherapy (i.e., chemotherapy naive), we performed the same analysis for this subgroup of patients (n ϭ 113). Again, 2D-GLS (HR: 0.78, p Ͻ 0.0001) was still an independent predictor of survival in AL amyloidosis besides the difference of free light chains (HR: 1.0008, p ϭ 0.005) and cTnT (HR: 2.78, p ϭ 0.002) ( Table 5) .
In clinical routine, EF is one of the main parameters from echocardiography used for risk stratification in various cardiac diseases. We therefore investigated all patients with an LVEF Ն50% (n ϭ 127). Interestingly, the Karnofsky index (HR: 0.95, p ϭ 0.024) and 2D-GLS (HR: 0.86, p ϭ 0.0018) were the only independent predictors of survival. cTnT and the difference of free light chains were no longer significant in this subgroup (Table 5) . Similar results were found in the subgroup of patients with a reduced EF Ͻ50% (n ϭ 71). Here, the Karnofsky index (HR: 0.94, p ϭ 0.009), cTnT (HR: 2.21, p ϭ 0.026), and 2D-GLS (HR: 0.86, p ϭ 0.012) remained as independent predictors of survival (Online Table 2 ).
Including all subjects, the cutoff values discriminating survivors from nonsurvivors with the highest sensitivity and specificity were Ϫ10.65% for LS and Ϫ11.78% for 2D-GLS, respectively. For NT-proBNP and cTnT, the values were 3085 pg/ml and 0.01 g/l, respectively. The corresponding Kaplan-Meier curves are presented in Figures 1A  to 1D , and a more detailed description of the ROC analysis is shown in the Online Appendix and Online Figure S1 .
We used different Cox models to further investigate the significance of LS and 2D-GLS for the prediction of outcome in AL amyloidosis. The addition of LS and 2D-GLS to a model, including baseline clinical variables and biomarkers, led to a significant increase in the power of the model. The model based on clinical variables (C: consisting of age, Karnofsky index, and NYHA class Ն2) with an overall chi-square (degree of freedom [df] ϭ 3) of 80.27, was improved by log NT-proBNP (chi-square 41.97, df ϭ1, p Ͻ 0.001) and cTnT (chi-square 7.51, df ϭ 1, p Ͻ 0.01), and further increased by LS (chi-square 16.81, df ϭ 1, p Ͻ 0.001). Finally, 2D-GLS (chi-square 21.84, df ϭ 1, p Ͻ 0.001) offered additional incremental information for the assessment of outcome (Fig. 3A, Table 6 ). In 2 further models, we assessed the value of EF in addition to the clinical model and in comparison to echocardiographic parameters (Figs. 3B and 3C, Table 6 ). These results were verified by the integrated discrimination improvement analysis. LV longitudinal strain (LS and 2D-GLS) yielded higher integrated discrimination improvement values compared with clinical variables, serological biomarkers, and echocardiographic parameters (Table 6 ).
Discussion
We reported on the largest, so far, cohort of consecutive patients with AL amyloidosis with systematic assessment of LV longitudinal function and its association with established risk parameters regarding prognosis.
The main findings of this study were: 1) NT-proBNP showed a strong correlation with parameters of longitudinal function (LS and 2D-GLS) in patients with AL amyloidosis; 2) the reduction of LS and 2D-GLS were both independently associated with prognosis in AL amyloidosis compared with standard echocardiographic parameters; 3) 2D-GLS and cTnT were independent predictors of survival in AL amyloidosis; and 4) LS and 2D-GLS provided incremental value to the combination of NT-proBNP, cTnT, and clinical parameters.
The poor outcome in patients with AL amyloidosis is mainly due to progressive cardiac dysfunction and limited treatment options for them. The main goal of therapy is to stop the production of amyloidogenic light chains, because this is associated with improvement of organ function (22) , enhanced quality of life (23) , and survival (24, 25) . However, in advanced cardiac disease, many patients cannot tolerate the side effects of any chemotherapy. Furthermore, new treatment strategies, including heart transplantation before high-dose chemotherapy and autologous stem cell support, require identification of patients at the highest risk of death (25) . Thus, an early diagnosis of LV dysfunction with definition and classification of prognosis is crucial before any intervention.
The quantification of longitudinal function was considered to be a better measure of contractile myocardial function than only the geometric change of the left ventricle Univariate Analysis for Overall Survival LV ϭ left ventricular; MAPSE ϭ mitral annular plane systolic excursion; 2D-CS ϭ mean two-dimensional circumferential peak negative strain; 2D-RS ϭ mean two-dimensional radial peak positive strain; other abbreviations as in Tables 1 and 2. 1071 JACC Vol. 60, No. 12, 2012
Buss et al. September 18, 2012 September 18, :1067 Longitudinal Function in AL Amyloidosis estimated by calculating EF (26) . The motion along the long axis of the heart is probably the most fundamental motion of the ventricles-twisting and untwisting in combination with longitudinal shortening (27) . Longitudinal fibers are located in the subendocardium and subepicardium within a helical band as the underlying architecture of the heart (28) . Given that histology, as well as magnetic resonance tomographic observations, demonstrated that the subendocardial myocardium is affected first by the disease (29) and, therefore, primarily longitudinal fibers are involved, this might partially explain the predominant prognostic implication of longitudinal function in the patients with preserved EF.
In congestive heart failure due to ischemic and nonischemic origin, the estimation of LV long-axis function by two-dimensional strain has emerged as an accurate predictor of all-cause mortality (18, 19) . This was in line with our results, because 2D-GLS still remained an independent predictor also in these subjects, despite a reduced EF. Also in aortic stenosis, LV longitudinal function was a measure of severity of cardiac impairment and degree of fibrosis, when the EF was still preserved (30 -32) . It was also demonstrated that in subclinical patients with cardiovascular risk factors, longitudinal function is impaired first (33) . In contrast to a more heterogenous disease such as myocardial infarction, both longitudinal and circumferential deformations are independent risk factors for outcome and remodeling (34) .
With the development of modern echocardiographic systems, the measurement of two-dimensional strain has 
been proven to be reliable, angle independent, and more robust than TDI-derived strain, and can be calculated much easier and faster from standard two-dimensional grayscale images (35) . Two-dimensional global longitudinal strain
Figure 3 Incremental Predictive Value of LS and 2D-GLS in AL Amyloidosis
Three multivariate models were evaluated for the prediction of all-cause mortality in AL amyloidosis. In the first multivariate model, the clinical variables (age, Karnofsky index [KI] and New York Heart Association (NYHA) class Ն2) were entered together, followed by adding cTnT, log NT-proBNP, LS, and 2D-GLS. (A) LS and 2D-GLS offered incremental prognostic information to the model (Table  6 ). (B) In the second model (Table 6 ), the clinical risk factors (age, KI, and NYHA class Ն2) were entered together, followed by addition of cTnT, log NTproBNP, and the ejection fraction (EF). The EF offered an incremental value to the clinical parameters and serological biomarkers. In the third model, only echocardiographic parameters were included. (C) When starting with the EF, followed by the E/e= ratio and, finally, with the two parameters of left ventricular longitudinal function, LS and 2D-GLS, both offered incremental prognostic information (Table 6 ). Abbreviations as in Figure 1 . Tables 2 and 3 .
Multivariable Proportional-Hazard Models
Comprehensive Clinical Models Tables 1, 2 , and 3.
measures the whole ventricle, including the apex, and not only the basal and midventricular segments, such as that in TDI-derived strain. With the use of two-dimensional Cardiac Performance Analysis, which is available for clinical routine, it is now possible to measure 2D-GLS with the same technique in studies recorded with different echocardiographic systems (36) . Systolic longitudinal strain and strain rate, as the current methods used to measure myocardial longitudinal function, seem to be more sensitive than myocardial systolic velocities measured with TDI to detect myocardial amyloid deposition in patients with AL amyloidosis, especially in subclinical disease (14, 37) . This notion is supported by other imaging methods such as cardiovascular magnetic resonance tomography, where the deposition of gadolinium, with a typical subendocardial enhancement, matches the distribution of amyloid-associated myocardial fibrosis (38) . This deposition was independently associated with a poor prognosis (38 -40) . As mentioned previously, the longitudinal function in patients with AL amyloidosis using TDIderived strain was reduced and also had an important prognostic relevance. Unfortunately, none of the previous studies comprehensively included all current echocardiographic and hematologic parameters, as well as biomarkers, in their analyses. According to previous studies, we also found an incremental prognostic value for LS measured with TDI. With two-dimensional strain, represented by 2D-GLS in this study, the subendocardial regions of the myocardium and the apex can now be evaluated in more detail, offering superior global strain information of the whole left ventricle. This may explain why the incremental value of 2D-GLS is incremental to LS in the sequential Cox regression models, as both represent a descriptor of LV longitudinal function. In addition, with this new method, it is also possible to measure radial and circumferential twodimensional deformation parameters. Both are significantly reduced in AL amyloidosis and associated with poor survival in the univariate analysis; however, in our study population, they did not remain as independent predictors. Thus, evaluation of longitudinal function with two-dimensional deformation imaging might become the diagnostic method of choice to detect early longitudinal functional impairment and serve as a relevant echocardiographic "staging" parameter in patients with systemic AL amyloidosis.
In the present study, the largest serial investigation reported so far, the reduced LV longitudinal function was an independent predictor of survival in AL amyloidosis and offered incremental information beyond standard clinical and serological parameters. The data demonstrated that in patients with a reduced EF (Ͻ50%), but specifically in patients with AL amyloidosis and a preserved EF (Ն50%), LV longitudinal function was one of the strongest prognostic tools that could be used, irrespective of previous therapies besides diastolic function, represented by the E/e= ratio. This finding might be explained by the fact that the estimation of EF alone underestimated the severity of myocardial systolic dysfunction, especially in the setting of LV hypertrophy (41) . In summary, these results underlined the great importance of both systolic and diastolic functional impairment in AL amyloidosis in concordance with independent predictors of survival, such as biomarkers.
NT-proBNP, cardiac troponins, and serum free AL are the currently recommended biomarkers for risk assessment in AL amyloidosis. The elevation of NT-proBNP in AL amyloidosis may reflect hormone production by cardiac myocytes as a result of compression by amyloid deposits (42) . This suggests that elevated filling pressure is not the only determinant of an elevated NT-proBNP level in AL amyloidosis (43) . Elevated levels of troponin and NTproBNP were reported to be very good predictors of survival and are recommended for risk stratification in patients with AL amyloidosis (9, 10, 44) . In our study, NT-proBNP, especially in contrast to cTnT, was highly correlated with LV longitudinal function. One could argue that NTproBNP is a result of decreased longitudinal function and enhanced LV wall stress, whereas cTnT mainly represents myocardial damage. Thus, in the final multivariate analysis, longitudinal function performed better than NT-proBNP. In accordance with previous studies, we confirmed that serum free ALs provided important prognostic information together with cTnT and 2D-GLS, especially in patients who were referred before any specific therapy for AL amyloidosis (45) . It is known that the level of cardiac biomarkers can be reduced if the applied chemotherapy has successfully eradicated the plasma clone in the bone marrow in AL amyloidosis (46) . Furthermore, recent reports described the possibility of halting organ progression by using small molecules of tafamidis and diflunisal in TTR amyloidosis (47) , eprodisate in AA amyloidosis (48) , or reducing amyloid deposits by the SAP chelator CPHPC (49), as well as using the green tea polyphenol, epigallocatechin-3-gallate (50, 51) in several forms of amyloidoses. Prospective clinical studies are needed to confirm these precursors or amyloiddirected effects and show whether the echocardiographic parameters analyzed in this study will also improve after successful therapy.
Comparison of Multivariate Cox Regression Models

Conclusions
LV longitudinal function is significantly associated with cardiac biomarkers and increased mortality in AL amyloidosis. New echocardiographic parameters identified patients with the highest risk and served as independent predictors of survival. Quantification of LV longitudinal function by LS and 2D-GLS provided incremental prognostic value regarding cardiovascular outcome in AL amyloidosis and seemed to be superior to standard echocardiography and cardiac biomarkers. Thus, it might become the method of choice for the description of LV function in systemic AL amyloidosis. We therefore propose measurement of LV longitudinal function as a standard procedure for staging of patients with AL amyloidosis.
